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Abstract
Objectives Dental malocclusions in modern populations would be the result of small and weak jaws developing under low
masticatory loads. We assess the validity of this by characterising the external and internal morphology of mandibles affected by
class II and III malocclusions and comparing them with those from individuals with different masticatory load patterns.
Materials and methods CTs from up to 118 individuals exerting intensive, medium and low masticatory loads with harmonic
occlusion, and from class II and III individuals, were used to compare their external shape using geometric morphometrics, as
well as their internal amount and distribution of cortical bone.
Results The low-load groups (harmonic, class II and III occlusion) are externally more gracile than the intense and medium load
groups. But more relevant in shape variation is a marked allometric pattern, which differentiates class II (small) and III (large)
mandibles. Despite gracility, the relative amount of cortical bone in the low-load groups is larger than in the remaining groups.
Conclusions There is no evidence that the modernmandible, including class II and III individuals, is intrinsically small and weak.
Instead, there is a rather large degree of morphological variation, which could be linked to a lack of constraints derived from low
masticatory loads. Thus, the effect of other factors such as genetics, but also basal metabolism, should be looked in more depth.
Clinical relevance Dental malocclusions are a common disorder whose aetiology has not been unravelled, and several to be
considered in the prevention and therapy of malocclusion.
Keywords Mandible shape . Cortical bone .Malocclusions . Diet consistency .Masticatory load
Introduction
Dental malocclusions are considered a Bdisease of civilization^
[1]. They are common in current western populations, and
markedly less frequent in archaic human populations [2] whose
diet was composed mainly of more mechanically challenging
items like meat (non-highly processed), seeds and abrasive ele-
ments in them [3, 4]. They are also less frequent in modern
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populations with more ancestral lifestyles whose diet consists of
less processed items, and where infections leading to premature
tooth loss are less common [1, 5]. Tooth loss, and particularly a
reduction in masticatory load, has been linked to the transition
between hunter-gatherer and agricultural (also urban and mod-
ern) subsistence economies, causing a reduction in jaw size
[6–8]. Traditionally in dentistry and physical anthropology,
small jaws have been related to alterations like tooth crowding
and an altered maxillomandibular relationship [1, 9–11].
Experimentally, it has been observed that diminished mas-
ticatory forces are capable of altering adult cranial and man-
dibular shape. In mice, for example, a diet based on soft food
results in a shorter narrow rostrum, a short coronoid process, a
small articular surface of the condyle and labially inclined
incisors [12]. Moreover, inducing masseter muscle paralysis
in adult mice leads to an increased activity of the bone resorp-
tion marker RANKL, followed by a reduction of bone tissue
per area and trabecular thickness of the condyle head [13].
Using medical data from modern populations, it has been
observed that muscle force is only weakly related to cranial
shape [14], but more so to the shape of the mandible [15].
The developmental origin of dental malocclusions, particular-
ly class II and III maxillomandibular relationships, has been dif-
ficult to pinpoint. There would be a genetic predisposition, to
which habits and muscle malfunctioning would significantly
contribute [16, 17]. Class II and III phenotypes are also very
variable and thus difficult to relate to isolated factors. Class II
individuals can vary in their vertical component as well as their
occlusal relationship [16]. For example, Hong and Yi [18], using
amodifiedDelaire’s cephalometric analysis, were able to identify
six types of class III morphologies that relate to differences in the
intra-individual arrangement of other cranial structures. The ef-
fect of function onmandible shape deformities would explain the
differences in size found by Park, Kim,Yu,Yi and Lee [19] in the
form of the functional units (i.e. areas affected by the surrounding
functional tissues) of the mandible among skeletal classes I, II
and III. However, the same study does not find differences in the
size of the whole mandibles, and in some cases, the affected
mandibles show larger linear dimensions in the functional areas.
One of the features that are common in class II and III
mandibles is the vertical elongation of the face, either more
anteriorly, posteriorly or both [20, 21]. From a structural per-
spective, a gracile vertically elongated mandible, reduced in
bonemass, is a weakmandible [22] due to its reduced capacity
to withstand torsional forces that arise during mastication [23,
24]. However, mandibular robusticity, estimated from external
linear measurements and measurements of cortical bone
amount and inner distribution, is not always a trait present in
individuals exerting large masticatory loads [25].
Are then class II and III mandibles small and weak due to
their reduced masticatory load, which is a characteristic of
modern populations? Due to the nature of linear measure-
ments, of common use in dentistry, the three-dimensional
geometry of class II and III mandibles is not completely
known. We aim to perform a detailed characterisation of the
shape, size (in relation to shape, i.e. allometry) and inner mor-
phology of mandibles affected by class II and III malocclu-
sions (in the broad sense). We combine 3D shape analysis
techniques (geometric morphometrics) and traditional cross-
section analyses of the internal amount and distribution of
cortical bone. Using a novel approach in dentistry that com-
bines knowledge from the dental and anthropological sci-
ences, we use archaeological and current populations that dif-
fer in their subsistence strategy (and thus diet consistency) and
maxillomandibular relationship to test the null hypothesis that
there are no differences in mandibular shape, amount and
distribution of cortical bone among groups. If indeed, class
II and III mandibles are morphologically modern mandibles
that are particularly affected by the masticatory loads derived
from the modern soft diet, we expect that they represent more
extreme versions of the modern individuals with a harmonic
maxillomandibular relationship. That is, that they show more
gracile features together with small size and less amount of
cortical bone, more elliptically distributed within the mandi-
ble’s cross sections.
Materials and methods
Shape and structural analyses were performed using the CT
scans of individuals from archaeological and modern samples
present in anthropological collections and clinical databases.
All individuals were adults, as assessed by the eruption of the
third molar and/or the ossification of the spheno-occipital
synchondrosis in their corresponding crania. In the case of
the archaeological sample, a different number/list of individ-
uals was used for each analysis due to their different status of
conservation (e.g. there were individuals with or premature
unilateral tooth loss or museum individuals with one side
destroyed, not suitable for shape analysis but that could be
used in cross-sectional analysis). In total, 118 individuals
underwent mandible shape analysis, while 118, 97 and 97
individuals were included in cross-sectional geometry analy-
ses of the symphysis, left and right first molar areas respec-
tively. They correspond to current and past populations of
current Chilean and Argentinean territories (Table 1). In the
case of individuals in the clinical databases, their CTs were
obtained for medical reasons, unrelated to this study. The
skulls of the remaining individuals are housed in different
museums and universities in Chile, Argentina and Italy (as
described in Table 1), and were selected according to their
conservation status and their dental status (with at least one
molar in occlusion to ensure the presence of masticatory
loads). The classification of the sample according to their
masticatory load was made following previous anthropologi-
cal studies [4, 6–8, 25, 32]. These rely on the changes in
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subsistence economy from ancient to current populations, and
what food items were common in them. The most ancestral
type of subsistence economy was based in hunting animals
and gathering fruits and/or seeds. As populations became sed-
entary, agriculture and cooking technologies developed, and
vegetables replaced animals as the main resource. Meat is
mechanically more challenging to chew, and cooking changes
the material properties of food in mouth from hard/tough to
hard/soft [33, 34]. Nowadays, food items are extensively proc-
essed both mechanically and chemically, resulting in a major-
ity of soft foods. Tough (and less so, hard) food items require
comparatively larger, more sustained occlusal forces and more
masticatory cycles before swallowing [35, 36]. In the present
study, we have chosen three groups of individuals based on
the intensity of masticatory loads: intense (composed by hunt-
er-gatherers), medium (agriculturalists) and low (individuals
from modern, urban populations). As study cases, we have
included individuals with low masticatory loads and altered
maxillomandibular relationships, namely skeletal classes II
and III. A detailed description of the groups is given in
Table 1.
The CTs where acquired in different places and under dif-
ferent acquisition protocols. Since the study of large-scale
features is of interest (i.e. whole geometry rather than geom-
etry of small areas) and preliminary exploratory analyses
showed no differences among individuals of different origin
within load groups, the possible differences in acquisition
protocol were not considered as a problem. In the contempo-
rary, sample sex was known, while in the archaeological
sample, it was estimated using classic cranial and postcranial
(when available) features described in Buikstra and Ubelaker
[37] by physical anthropologists that worked in each subsam-
ple. In some cases, sex could not be determined and had to be
assigned (see below).
Three-dimensional reconstructions of each individual were
made via threshold-based and manual segmentation using the
software Avizo v.9.1 (Science Visualization Group,
Burlington, EE.UU.) and saved as polygon (.ply) files.
Using these 3D reconstructions, two types of data were ob-
tained: mandible shape and size data, and cortical bone
amount and distribution.
Mandible shape and size Thirty-two landmarks were placed to
represent the general geometry of the mandible as well as the
mechanically relevant features (molar and incisor distance to
the temporomandibular joint, height of the ramus, etc.).
Landmark description is in Table 2 and their location is shown
in Fig. 1. Landmark coordinates were obtained by a single
observer (FU) using Avizo. Geometric morphometrics is a
robust statistical technique for the study of shape changes in
relation to underlying variables [38, 39], and has been increas-
ingly used in the last two decades in dental sciences (see
examples in [11, 21, 40, 41]). In geometric morphometrics,
the landmark sets are used to obtain shape variables (i.e. the
geometric properties of an object that are invariant to scale,
rotation and translation; [38]). These shape variables are in our
study represented by Procrustes coordinates, which are the
landmarks after being corrected for scaling, rotation and
Table 1 Sample description
Group
(load)
Institution Geographical origin Dating*
Intense FACSO (Chonos Collection) South of Chile 1050–650 BP [26]
MLP (Chubut Collection) North East of the Argentinean
Patagonia
1500–500 BP [27]
MLP and MHNF (Fueguinos
Collection)
Tierra del Fuego, Argentina 450–50 BP [3, 28]
Medium FACSO (Tarapacá 8 Collection) North of Chile 3060–1410 BP [29]
FACSO (Pica 8 Collection) North of Chile 1286–552 cal BP [30]
MLP (Pampa Grande Collection) North West of Argentina 400–650 AD [31]
MLP (Mapuche Collection) North of the Argentinean
Patagonia
s. XVII-XVIII [58]
Low FACSO (Sub Actal Collection) Central Chile Sub Actual, 1950–1970
[59]
HCUCh Clinic Central Chile Current era
Low-class
II
ICOR Clinic Central Chile Current era
Low-class
III
ICOR Clinic Central Chile Current era
*As mentioned in the citing literature
FACSO, Facultad de Ciencias Sociales, Universidad de Chile; MLP, Museo de La Plata, Argentina; MHNF,
Museo di Storia Naturale, Università di Firenze, Italy; HCUCh, Hospital Clínico Universidad de Chile, Chile;
ICOR, Instituto de Cirugía Ortodoncia Rehabilitación Oral y Máxilofacial, Chile
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translation. These shape variables are then compared among
groups using multivariate statistics. During geometric mor-
phometric analyses, the geometric size (named centroid size)
of each configuration can be obtained and analysed as an
independent variable.
Some preliminary analyses had to be performed. There
were few individuals with missing landmarks due to bone
damage. In these cases, the coordinates of these landmarks
were estimated using the estimate.missing function of the
Geomorph package [42] in R (www.r-project.org).
Sexual dimorphism is a factor that can modulate the rela-
tionship of shape with other variables. We ran procedures to
eliminate it, based on the fact that the extent of its effect cannot
be completely known. For example, sexual dimorphism is not
a dominant characteristic in modern human populations, and it
can reach very subtle levels in the mandible [43]. It has also
been acknowledged that shape variation very unlikely reflects
sexual dimorphism alone [44]. Moreover, the appearance of
dimorphic traits can be altered by systemic factors such as
malnutrition [45], whose presence cannot be discarded in ob-
servational studies of past populations. In order to run the
statistical procedures to eliminate the effect of sexual dimor-
phism in our sample, we first had to assign sex to those indi-
viduals that remained undetermined after using the standard
Table 2 Definition of landmarks
depicted in Fig. 2a and b Landmarks for shape and size analysis
No. Definition
1 Infradental: the uppermost point of the alveolar process at the midplane
2 Pogonion: the anteriormost point of the mental protuberance
3 Menton: the inferiormost point of the mental protuberance
4 Point located immediately above the mental spines
5 (and 19) Condylion: The most superior point of the condyle head
6 (and 20) The most medial point of the condyle head
7 (and 21) The most lateral point of the condyle head
8 (and 22) Tip of the coronoid process
9 (and 23) Deepest point of the mandibular notch
10 (and 24) Gonion: maximum curvature of the angle of the mandible
11 (and 25) Most inferior and anterior point at the medial border of the mandibular foramen
12 (and 26) Most buccal point of the alveolar process between the canine and first premolar
13 (and 27) Molar: Most buccal point of the alveolar process distal to the first molar (M1). If absent,
the point will be located at the most buccal point of the alveolar process of the
molar immediately distal to M1
14 (and 28) Most anterior point of the lateral border of the mental foramen
15 (and 29) Basilar: Point at the inferior border of the body of the mandible, below Molar (defined by
a line perpendicular to the Menton-Gonion plane)
16 (and 30) M-Basilar: Point at the inferior border of the body of the mandible, equidistant between
Molar and Basilar
17 (and 31) Point at the anterior border of the ramus determined by the perpendicular projection to it
of the point equidistant between Condylion and Gonion
18 (and 32) Point at the posterior border of the ramus determined by the perpendicular projection to it
of the point equidistant between Condylion and Gonion
Reference landmarks for cross-section analysis
ID Definition
A (and A′) The most buccal point of the alveolar process, distal to the last present molar
B Landmark 1 above. A, A′ and B form the occlusal plane
C (and C′) Landmarks 2 and 26 above. A and C form a line defining the long axis of the
mandibular body
D (and D′) Landmarks 13 and 27 above
E (and D′) The most lingual point of the alveolar process distal to M1. D and E form a line
perpendicular to A–C
F (and F′) Point at the inferior border of the mandibular body, defined by a line perpendicular to
the occlusal plane at point D
G Landmark 3 above
E Landmark 4 above
In parenthesis, numbers corresponding in the right side of the mandible
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anthropological procedure for it. For this, we used a discrim-
inant function analysis in PAST [46], which assigned sex
based on the shape of the most dimorphic individuals within
load groups. Subsequently, the presence of sexual dimorphism
as a confounding variable was confirmed performing a non-
parametric, permutation-based multivariate analysis of vari-
ance (PERMANOVA; [47]) in PAST (F = 4.13; p < 0.01).
Following this, we used regression analysis in order to
Bremove^ the weigh of those traits that could reflect more
the effect of sex than of other factors. For this, shape variables
were first corrected using a regression against sex as a dummy
variable, where female = − 1 and male = 1 [48]. The residuals
of the regression became then the new shape variables, free of
the effect of sex, and they were subsequently subject to ex-
ploratory and confirmatory statistical analyses to test the hy-
pothesis of this study.
To explore the general shape variation of the sample, prin-
cipal component analyses (PCA) were performed in MorphoJ
[49]. In order to reduce the number of dependent variables and
to increase the statistical power of confirmatory (and also pre-
liminary) tests, only the principal component scores
explaining up to 75% of the explained variance were used as
dependent variables, in PERMANOVAs with 9999 rounds of
permutation. Pairwise tests with load groups as the indepen-
dent variable followed PERMANOVA in PAST (see example
in [12]). Allometric patterns of shape changes (i.e. shape
changes related to centroid size changes), more than absolute
size, are of importance to clarify the relevance of mandible
size in dental malocclusions. Allometric shape changes were
explored using multivariate regression of sex-corrected shape
variables against centroid size in MorphoJ.
The total n in this analysis was 118. After sex assignation,
35 correspond to intensive load (10 women and 25men), 38 to
medium load (26 women and 12 men), 24 to low load (11
women and 13 men), 13 to low-class II load (10 women and
3 men) and 8 to low-class III load (2 women and 6 men).
Internal amount and distribution of cortical bone We de-
signed a protocol based on the published literature [25, 50,
51] in order to obtain CT images of with the minimal cross-
section area at the mandibular symphysis, as well as immedi-
ately distal to the first molar of both sides. The procedure was
performed by a single observer (CM). First, 13 landmarks
were placed to identify key reference structures defining the
occlusal plane and the corpus long axis (perpendicular to
which cross-section planes are defined). These 13 landmarks
are defined in Table 2 and shown in Fig. 1a. Once the cross-
section planes are defined, a re-slicing of the CT volume data
is performed, and the images obtained (Fig. 1b) are exported
as tagged image file (.tiff). Landmark placing and cross-
sectional image generation were made in Avizo. The exported
.tiff images were imported in MomentMacro (www.
hopkinsmedicine.org/fae/mmacro.html) for ImageJ [52], and
total bone area (TA), cortical bone area (CA), minimum (Imin)
and maximum (Imax) second moments of area were calculated
(Fig. 1b). The relative amount of CAwith respect to TA is an
overall measure of rigidity (more cortical bone, more rigidity);
Imin with respect to Imax represent cortical bone distribution
(more circular distribution offers a better resistance to torsion
and an elliptical distribution, to parasagittal bending) [25].
These data are normally treated as ratios, which pose several
problems for statistical analyses [53]. We decided then to use
Fig. 1 The process of obtaining shape and cross-sectional geometry data.
a and b show, in different views the landmarks defining mandible shape,
the location of the occlusal plane (OP) and the planes for cross-sections
(solid lines on themandible). The landmarks of the right side of the mandible
are not shown. A detailed definition of all the landmarks is given in
Table 2. b Shows the images of cross-sections (CSs) obtained at the left
molar (LM1) and symphysis area in order to measure the relative amount
(TA-CA) and distribution (Imax-Imin) of cortical bone
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indexes representing the differences between the related
values [54]: the difference between TA and CA, and between
Imax and Imin. In these cases, larger values of the former indi-
cate low rigidity, and larger values of the latter, a more elliptic
distribution of bone.
Since mandible shape presents sexual dimorphism, TA-CA
and Imax-Imin values were also corrected for sex using a linear
regression of the values against sex as a dummy variable as in
shape analysis, using PAST.
Sex-corrected TA-CA and Imax-Imin values underwent
Kruskal-Wallis test and pairwise Mann-Whitney comparison.
Non-parametric tests were used as in all cases, as sex-
corrected Imax-Imin values were not normally distributed
(Shapiro Wilk’s p < 0.01).
One hundred eighteen individuals were used in the sym-
physis analysis: 35 correspond to intensive load (8women and
27 men), 39 to medium load (26 women and 13 men), 23 to
low load (10 women and 13 men), 13 to low-class II load (10
women and 3 men) and 8 to low-class III load (2 women and 6
men). Ninety-seven individuals were used for the left molar
area measurements: 34 of intensive load (7 women and 27
men), 23 of medium load (17 women and 6 men), 19 of low
load (7 women and 12 men), 13 of low-class II load (10
women and 3 men) and 8 of low-class III load (2 women
and 6 men). Ninety-seven individuals were also used to obtain
right molar area data: 30 of intensive load (6 women and 24
men), 28 of medium load (women and 8 men), 18 of low load
(8 women and 10 men), 13 of low-class II load (10 women
and 3 men) and 8 of low-class III load (2 women and 6 men).
Measurement error In order to discard the effect of
landmarking error on shape variation, a subsample of 20 in-
dividuals underwent repeated landmarking. The repeated
landmark configurations were analysed using Procrustes anal-
ysis of variance (ANOVA) in MorphoJ with interindividual
differences as factor and the differences within individuals as
the error term.
The effect of measurement error on the raw values of TA,
CA, Imax and Imin values was assessed using a subsample of 20
individuals where the process of image extraction and mea-
surement was performed twice. Data from both procedures
were compared using the Friedman test for repeated measure-
ments in PAST.
The method in this study was approved by the Ethical
Committee of Facultad de Medicina, Universidad de Chile
(CEISH, No. 203-2015).
Results
The effect of measurement error on results was neglectable on
both mandible shape analyses, as interindividual variation was
several times larger than intraindividual variation (F = 18.66,
p < 0.01) and cross-section raw data (TA χ2 = 0.01, p = 1; CA
χ2 = 0.83, p = 0.37; Imax χ
2 = 0.83, p = 0.37; Imin χ
2 = 0.01,
p = 1).
Shape analysis The first six principal components (PCs)
explain up to 75% of the observed variance. Of these, only
PC2 shows a slight separation between groups, specifically
the archaeological from the modern sample. PC1, hierar-
chically the most relevant principal component describing
overall shape variation, depicts features that are shared
among groups, without separation between them except
for low-class II and low-class III individuals (Fig. 2a).
These features resemble allometric changes described be-
low. In the second PC, both intensive and medium load
groups are broadly overlapped, and they together overlap
part of the low load group. Towards the modern group, the
mandible tends to have more gracile features: more open
mandibular angles, and slenderer rami and corpus at the
level of posterior teeth. The PERMANOVA yielded statis-
tically significant differences in shape among groups (F =
10.49, p < 0.01) and also between pairs of groups, except
between the intensive and medium load groups after
Bonferroni correction (Table 3).
Allometry has a significant effect on shape variation (var-
iance predicted 3.96%, p < 0.01). All groups tend to cluster,
but class II individuals are located more towards the smallest
mandibles and class III, at the opposite end, together with
several individuals from the intensive load group (Fig. 3).
Larger mandibles show less bilaterally divergent rami, a more
projected menton and overall, more mesially displaced cor-
pus, while the ramus tends to displace distally, particularly the
condyle (Fig. 2b).
Cross-section geometry The results of the statistical analyses
of differences in TA-CA and Imax-Imin (Tables 4, 5, 6, 7, 8 and
9) are based on the residuals of the raw values against sex.
Since in this case residuals are not suitable for morphological
and functional interpretations, we present their descriptive sta-
tistics in Tables S1 and S2 (Supplementary Information), and
depict the raw values, pre-regression, as boxplots in Fig. 3.
TA-CA showed significant differences among groups at the
symphysis (H = 19.82, p < 0.01), left (H = 30.06, p < 0.01)
and right first molar (H = 32.12, p < 0.01). After Bonferroni
correction, differences remained significant between the ex-
treme groups for the symphysis (intense vs. low and both
altered occlusion groups) and between intense/medium load
and low/low-class II individuals for the left and right first
molar areas (Tables 4, 6 and 8 respectively). Overall, low,
low-class II and low-class III groups tend to have a larger
relative amount of cortical bone (that is, lower median
values of TA-CA) when compared with the intensive and me-
dium group (Fig. 3). Within groups, the symphysis has rela-
tively more cortical bone than the molar areas (Fig. 3).
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Imax-Imin showed differences among groups in both molar
areas (H = 11 and p = 0.03 each side) but not in the symphysis
(H = 5.59, p = 0.23). However, no pairwise comparison
yielded significant p values after Bonferroni correction
(Tables 5, 7 and 9). Beyond statistical significance and the
large variation within groups, there are some subtle trends that
Fig. 2 Shape and allometry
analyses. a Principal component
analysis, with first (PC1) vs.
second (PC2) principal
components shown. Insets depict
shape changes associated to the
extreme PC scores found, with the
grey form as the mean, reference
shape. b Allometry test:
regression of shape components
against centroid size. The insets
represent shape changes, in
different views, that occur with an
increase of 150 mm in centroid
size. Each individual is
represented by a coloured circle.
Load groups: red = intensive;
green = medium; blue = low; grey
= low-class II; black = low-class
III
Table 3 Pairwise PERMANOVA
of PC scores (PCs 1 to 6) between
groups
Intense Medium Low Low-class II Low-class III
Intense 2.48 10.77 14.52 16.61
Medium 0.040 7.62 12.71 19.45
Low 1 × 10−4 1 × 10−4 5.52 8.69
Low-class II 1 × 10−4 1 × 10−4 6 × 10−4 12.61
Low-class III 1 × 10−4 1 × 10−4 2 × 10−4 1 × 10−4
Upper diagonal shows F values and lower diagonal, raw p values. Significant p values after Bonferroni correction
are italicized
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can be observed. The intensive and medium load group tend
to have a more circular distribution of cortical bone (i.e. lower
median values of Imax-Imin) in the three measured areas. The
three low load groups (i.e. low, low-class II and low-class II)
on the other hand show more differences between sites, with
the symphysis having a more markedly elliptical bone distri-
bution (Fig. 3). Within groups, the molar areas have a more
elliptical cortical bone distribution than the symphysis, with-
out clear differences between sides (Fig. 3).
Discussion
The consideration of the modern (contemporary) human jaw
as a small, weak structure when compared with its ancestors
due to changes in diet has been long associated with the origin
of dental malocclusions [1, 9, 10]. Using combined techniques
and individuals from current and archaeological populations
that differ in their subsistence economy andmaxillomandibular
relationships, the aim of this study was to perform a detailed
characterisation of the shape, size and inner structure of the
mandible in order to identify traits that could be linked to diet
consistency and dental occlusion type.
The null hypothesis that there are no differences in man-
dibular shape, size amount and distribution of cortical bone
among groups could not be fully rejected. Although there
were some differences among groups, these do not completely
match the expectation that modern mandibles are intrinsically
small and weak. On the contrary, there is a large variation
within groups, leading to extensive overlaps. As expected
though, class II mandibles are indeed smaller and show gracile
features (they are located in the lower right quadrant in the PC
plot in Fig. 2a and towards the left end in the allometry plot in
Fig. 2b), while class III are larger and also gracile (Figs. 2 and
3). Gracility is a shared feature among the three low load
groups, but the low load mandibles with harmonic occlusion
are not small. In fact, they are slightly larger (i.e. they are
located more to the right end of the X axis in Fig. 2b) than
the medium load group. The larger mandibles belong to the
intensive load group, but they have a wide range of sizes that
includes those of the medium and low load groups.
Internal morphology shows less differences among groups.
In terms of amount of cortical bone, however, the three low
load groups have more than the intense and medium load
groups (Fig. 3), which is against expectations: there is sup-
posed to be a Bneed^ of more cortical bone in mandibles that
are subject to larger masticatory forces. The degree of
Fig. 3 Box plots of raw values of TA-CA and Imax-Imin. Medians, 25 and 75 percentiles, minimum and maximum values and outliers are shown. Each
anatomical area is represented by a colour: white = symphysis; light grey = left molar; dark grey = right molar
Table 4 Mann-Whitney U pairwise comparison of TA-CA residuals of
the symphysis
Intense Medium Low Low-class II Low-class III
Intense 500 211 97 48
Medium 0.049 304 159 182
Low 0.002 0.036 143 79
Low-class II 0.003 0.047 0.843 42
Low-class III 0.004 0.037 0.573 0.492
The upper diagonal shows the values of the U statistic and the lower
diagonal the raw p values. p values that reached statistical significance
after Bonferroni correction are italicized
Table 5 Mann-WhitneyU pairwise comparison of Imax-Imin residuals of
the symphysis
Intense Medium Low Low-class II Low-class III
Intense 494.5 335 191 120
Medium 0.042 432 211 96
Low 0.287 0.816 136 65
Low-class II 0.404 0.375 0.669 38
Low-class III 0.543 0.092 0.232 0.328
The upper diagonal shows the values of the U statistic and the lower
diagonal the raw p values. After Bonferroni correction, no p values
remained significant
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circularity of cortical bone distribution is very similar among
groups.
Previous studies of external bone morphology, particularly
from anthropological sciences, assign a rather high impor-
tance of masticatory load on bonemorphology, with notorious
differences between hunter-gatherer groups and agricultural-
ists [6–8]. Our results show far less differences among groups.
Several factors could account for these differences in results,
such as ancestry and sample composition (none of the other
studies included modern individuals with altered occlusion).
Also, the classification in groups according to masticatory
loads presents limitations; the material properties of food
items cannot be measured in extinct populations, nor strictly
controlled in humans. Independently of the place or culture in
which an individual grew, what he or she actually did in life
cannot be known with certainty. However, it is worth to high-
light that our study included individuals that had at least one
molar in occlusion in order to ensure that masticatory loads
were exerted in life. This is not trivial, since agriculturalists
tend to show more infection-based tooth loss [1, 5], and tooth
loss causes form changes in the mandible [55]. The dental
status of the individuals included in the aforementioned an-
thropological studies is not explicit. Our results are more in
agreement with Katz, Grote andWeaver [56], who found rath-
er modest effects of subsistence economy on mandibular
shape. They attribute more importance to other factors, linked
to genetics, on shape changes over many generations,
particularly in closely related groups (from a similar ancestry)
where genetic diversity and shape variation are linked.
Despite broad similarities of external morphology among
groups with different masticatory load intensity, class II and
III individuals show more marked differences with the rest of
the groups, but less so to the low load group. Thus, the three
modern samples together show a quite broad range of shapes,
with class II and III mandibles in the extremes of the shape
variation. This is linked to the allometric effect present in the
sample, i.e. the shape of class II mandibles is dependent of
their small size and the shape of class II mandibles, of their
large size. Same as genetics, masticatory muscle force has
shown to have an effect on mandibular shape in modern indi-
viduals [15]. But large shape variation leading to the extreme
features shown by individuals with malocclusions could be
linked to the effect of other factors, such as nutrition and basal
metabolism in modern humans. This possibility has been
largely overlooked and, unfortunately, it is far less straightfor-
ward to assess although there is some evidence that supports
it. In pigs, it has been observed that the nutritional changes
associated to weaning cause a decrease in skull growth rates,
either when weaning occurs early or late in ontogeny [57].
This is surprising since weaning also changes the pattern of
muscle activity, increasing jaw closing function (which should
lead to an increased bone growth). Moreover, humans whose
development and body size has been affected by diseases and
malnutrition can recover later in development if properly
nourished [26]. These two studies show that (1) within the life
of an individual, the timing at which metabolic alterations
occur is key [34], and (2) that nutrition (and hence metabo-
lism) is an extremely relevant factor affecting bone morphol-
ogy. This effect of metabolism could perhaps be comparable
to that of mechanics on bone growth (at least in pigs and
modern humans) or even larger, if mechanical constraints
are reduced. At a larger, evolutionary time scale, the transition
from hunting and gathering to agriculture in human popula-
tions has also, but less notoriously, been linked to smaller
bones due to malnutrition [5] and hormonal changes related
to a low-protein diet [27]. Our medium load group is com-
prised by agriculturalists, and indeed, they show relatively
smaller sizes than the intensive load (comprised by hunter-
gatherers) and the low and low-class III groups. These last
Table 6 Mann-Whitney U
pairwise comparison of TA-CA
residuals of the left first molar
area
Intense Medium Low Low-class II Low-class III
Intense 348 95 76 72
Medium 0.489 59 52 54
Low 2.45 × 10−5 5.87 × 10−5 82 66
Low-class II 0.001 0.001 0.116 47
Low-class III 0.042 0.090 0.614 0.745
The upper diagonal shows the values of the U statistic and the lower diagonal the raw p values. p values that
reached statistical significance after Bonferroni correction are italicized
Table 7 Mann-WhitneyU pairwise comparison of Imax-Imin residuals of
the left first molar area
Intense Medium Low Low-class II Low-class III
Intense 233.5 190 121 100
Medium 0.011 208 128 90
Low 0.014 0.801 122 63
Low-class II 0.018 0.489 0.969 41
Low-class III 0.256 0.946 0.507 0.447
The upper diagonal shows the values of the U statistic and the lower
diagonal, the raw p values. After Bonferroni correction, no p values
remained significant
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two, in the case of our Chilean population, were likely ex-
posed to a more balanced diet than agriculturalists. Class II
individuals would be the exception to this. Thus, the link
between a reduced masticatory loads and dental malocclu-
sions in modern, urban populations is not as straightforward
as suggested. Unlike other animals, humans are able to reach
adult size without the need of exerting large masticatory loads.
It is then likely that under the lack of mechanical (masticatory)
developmental constraints, nutrition, developmental timing
and of course, genetics, have an important effect on mandible
shape variation. The effect of nutrition and basal metabolism
offers an interesting perspective on malocclusion aetiology,
prevention and treatment, and should be looked in deeply.
These results also suggest that the relative importance of fac-
tors affecting mandible morphology can differ between past
and current populations. Consequently, although masticatory
loads have been proposed as an important factor determining
secular changes among populations sharing the same geo-
graphical location [7, 8], the lack of functional constraints
due to the modern diet may have led to the emergence of
new, more relevant factors that should be taken into
consideration.
It is interesting that the amount of cortical bone, on the
other hand, seems to behave the opposite than expected.
The three low load groups have a larger relative amount of
cortical bone. Moreover, their cross section is not particu-
larly elliptical (and thus less able to withstand the torsional
loads derived from high masticatory loads). Thus, despite
their external gracility, modern mandibles are not
intrinsically weak. These results could be due to sampling,
as statistics do not show striking differences (Tables 4, 6
and 8) and the number of individuals with altered occlu-
sion is not large. However, it is worth considering an alter-
native explanation. Bone structure is dynamic, with corti-
cal and trabecular bone changing in response to load in
relatively short periods of time through lifespan [28–30].
In comparison, external morphology changes slowly and,
as explained, under the effect of several factors. It is plau-
sible then that with an overall gracile morphology (al-
though not necessarily size), bone seeks to increase its
resistance by increasing the amount of cortical bone.
Future work could consider changes in trabecular bone
structure (trabecular bone thickness, bone volume fraction,
orientation, etc.) in order to understand the extent of the
effect of masticatory loads on bone morphology.
From a clinical perspective, our study highlights the
importance of considering different factors in the aetiology
and perhaps treatment of dental malocclusions in relation
to an altered mandible shape, particularly since masticatory
loads are not always easy to modify. Beyond the more
obvious links of our results to orthodontics and surgery,
the results regarding the relative amount of cortical bone
could be something to take a further look. Mandible cross-
section morphology is key in implantology [31], and since
there might be a tendency to compensate the gracile man-
dible shape by increasing the amount of cortical bone, it
could be perhaps a good strategy to promote keeping mas-
ticatory loads after tooth loss (whenever possible) in order
to avoid cortical bone reduction.
In conclusion, the morphology of the human mandible
shows a wide range of variation. Its features do not fully sup-
port the idea that it is small and weak, leading to malocclu-
sions. We encourage dental practitioners and academics to not
take this idea for granted, but to analyse the scenario for each
case. Although class II mandibles are indeed smaller, their
internal morphology seems to be able to withstand the forces
normally produced during chewing. The large variation in the
mandible shape of modern individuals could be related to the
effect of other factors that, under comparatively low mastica-
tory loads, gain relevance, such as genetics and the largely
overlooked effects of nutrition and basal metabolism.
Table 8 Mann-Whitney U
pairwise comparison of TA-CA
residuals of the right first molar
area
Intense Medium Low Low-class II Low-class III
Intense 343 93 44 48
Medium 0.234 91 52 41
Low 1.71 × 10−4 3.03 × 10−4 97 60
Low-class II 6.90 × 10−5 2.86 × 10−4 0.435 47
Low-class III 0.01 0.007 0.523 0.745
The upper diagonal shows the values of the U statistic and the lower diagonal the raw p values. p values that
reached statistical significance after Bonferroni correction are italicized
Table 9 Mann-WhitneyU pairwise comparison of Imax-Imin residuals of
the right first molar area
Intense Medium Low Low-class II Low-class III
Intense 268 160 100 73
Medium 0.018 214 140 103
Low 0.020 0.399 115 62
Low-class II 0.012 0.245 0.952 49
Low-class III 0.096 0.746 0.598 0.856
The upper diagonal shows the values of the U statistic and the lower
diagonal the raw p values. After Bonferroni correction, no p values
remained significant
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